v, Unilateral trigeminal tractotomy was carried out at the level of the obex, just rostral to the subnucleus caudalis, in five young adult Macaca fascicularis monkeys. The animals had been trained previously to perform a behavioral shock avoidance task in response to electrical stimulation of dental pulp and facial skin. Tractotomy produced an elevation in the stimulus strength which elicited escape behavior when facial skin was stimulated but not when the tooth pulp was stimulated. Unit activity, evoked by electrical stimulation of the tooth pulp and facial skin as well as innocuous and noxious mechanical stimulation of orofacial regions, was recorded from neurons in the trigeminal main sensory nucleus and the subnuclei oralis and interpolaris of the spinal nucleus 8 to 12 weeks after tractotomy. Primary afferent input to these nuclei is unaffected by the tractotomy which is located more caudally. The tractotomy interrupts primary afferent input into the trigeminal nucleus caudalis and also intranuclear connections between caudalis and the more rostral nuclei. Forty-one units contralateral and 47 ipsilateral to the tractotomy were studied. Thirty-six of the units responded only to low-threshold mechanical or electrical stimulation of orofacial zones, 46 were responsive to innocuous mechanical and electrical stimulation of orofacial zones and also to electrical stimulation of the dental pulp. Six units responded only to dental pulp stimulation. No statistically significant differences between the populations of neurons ipsilateral and contralateral to the tractotomies were found relating to the size or location of the peripheral receptive fields, latencies, thresholds, mean firing densities, or responsiveness to the various forms of stimulation. The behavioral results suggest that trigeminal relay neurons rostral to the obex are able to signal dental pain sensation, and the physiological studies confirm that the firing of such neurons is unaffected by tractotomy. The physiological studies demonstrate that the firing patterns of relay neurons activated by natural and electrical cutaneous facial stimuli and which are located in trigeminal brain-stem nuclei rostral to the obex are also not affected by tractotomy. The cutaneous facial analgesia observed after tractotomy thus appears to be due to deafferentation of relay neurons in trigeminal nucleus caudalis rather than to alterations in coding patterns in rostrally located trigeminal neurons due to interruption of the intratrigeminal pathway between the caudal and rostral nuclear groups.
S
TEWART and King 35 first described the presence of ascending intranuclear connections between the spinal trigeminal nucleus caudalis (NV Caud) and components of the trigeminal brain-stem nuclear complex rostral to the obex (that is, the nucleus interpolaris (NI), nucleus oralis (NO), and nucleus principalis (NPR)). Subsequent acute physiological studies indicated that interruption of this pathway by tractotomy at the level of the obex increased the excitability of primary afferent preterminal fibers and reduced the firing of neurons located in the rostral nuclei, z8,3~ References to "tractotomy" in this report refer to a lesion that is placed at the level of the obex, just rostral to the rostral pole area of the NV Caud. This lesion interrupts primary afferent input into the NV Caud via the trigeminal tract and also interrupts intranuclear connections between the NV Caud and the more rostrally located subnuclei of the spinal nucleus (that is, the NO, NI, and NPR). The lesion does not affect primary afferent input into the NPR, NO, or NI. Application of strychnine to the NV Caud was shown to decrease preterminal excitability 39 and to augment neuronal firing in the rostral nuclei) 9 It was suggested that NV Caud maintained a tonic facilitatory influence on relay neurons located in the trigeminal nuclei rostral to the obex and that noxious stimuli differentially augmented such an effect compared to innocuous stimuli. 19 The proposed anatomical substrate for this effect was the intranuclear trigeminal pathway. Tractotomy, it was suggested, interrupted this pathway and abolished the facilitatory effect, leading to facial analgesia. 11,14,19,28.29,39 Nord and Young, 24 however, showed that neuronal discharges in the NPR and NO elicited by electrical stimulation of dental pulp were affected little after chronic tractotomy in cats, when comparisons were made between the sides ipsilateral and contralateral to the tractotomy. Although Nord and Young presented evidence of cutaneous facial analgesia to pin-prick in their animals, they did not evaluate changes in dental pulp pain perception. Thus, it was impossible for them to correlate their physiological findings regarding neuronal activity evoked by dental pulp stimulation and the animals' behavioral response to dental pulp stimulation. Work from three separate laboratories has subsequently established that trigeminal tractotomy does not produce analgesia to electrical stimulation of the dental pulp in cats or monkeys nor to electrical or thermal stimulation of teeth in man. 15 '36'38'4~ In addition, cortical potentials evoked by electrical stimulation of A-delta tooth-pulp nerve fibers were unaffected by trigeminal tractotomy in cats. 16 Likewise, the jaw-opening reflex elicited in cats by tooth pulp stimulation was not abolished by tractotomy. 9'27 These more recent experiments appear to question the role of a caudal to rostral facilitatory influence among the trigeminal brain-stem relay nuclei in dental pain perception, although they do not shed light onto the potential role of such interactions in cutaneous facial nociception.
The present experiments were undertaken in an attempt to correlate behavioral and electrophysiological observations in monkeys following chronic trigeminal tractotomy, in order to better assess the potential contribution of modulation of rostral trigeminal brainstem relay neurons via intratrigeminal connections to orofacial sensory perception. The results of behavioral assessments in these animals have been presented previously. 4~ This report describes the electrophysiological findings.
Materials and Methods
Five young adult Macaca fascicularis monkeys, each weighing between 4 and 6 kg, were used in these studies. The experiments were conducted in two phases: 1) behavioral studies and 2) physiological studies.
Animal Preparation
Under general anesthesia, two chronic stimulating electrodes made of No. 30 multistrand silver wire, bared for 1 to 2 mm at the tips, were implanted into the dentine of each maxillary canine tooth, secured with dental amalgum and insulated with dental acrylic. The electrode leads were passed subcutaneously to the skull vertex where they were connected to a multiple-pin plug which was affixed to the skull with dental acrylic.
Behavioral Studies
Behavioral studies were begun after a recovery period of 1 to 2 weeks. Details of the behavioral training and testing methods have been described previously. 4~ Briefly, the animals were trained to depress a lever in order to terminate electrical stimulation of different intensities (range 0.3 to 3.3 mA) applied either to the dental pulp or to facial skin. Training and testing sessions lasted about l 89 hours, 5 days per week. Eighty trials (10 stimulus intensities administered randomly eight separate times) comprised a single session. The ability of the animal to immediately terminate presumably painful dental pulp stimulation and the automatically limited maximum stimulation period as well as the use of subthreshold stimuli assured that animals were subjected to a minimum of discomfort. 6 The presence of a lever-press response, the latency to lever-press, and the stimulus intensity levels were recorded on magnetic tape for later analysis. Mean escape latency, the number of responses at each stimulus intensity, and the current threshold in milliamperes (mA) for initiating lever-presses were calculated. "Threshold" was defined as the lowest stimulus strength at which lever-presses were elicited in at least 50% of trials.
Animals tolerated the test procedure well. They were able to learn the escape lever-press paradigm in only a few sessions. Social behavior, response to the presence of investigators, food intake, and body weight were well maintained during the total 4-to 6-month experimental period.
Placement of stimulating electrodes, training in the behavioral paradigm, and experimental behavioral sessions (to establish reproducible values for escape latency, number of responses at each stimulus intensity, and threshold for lever-presses) usually required about 2 months. When this phase was completed, a unilateral trigeminal tractotomy at the level of the obex was carried out under general anesthesia utilizing microsurgical technique as previously described. 4~ This lesion, placed just rostral to the NV Caud, interrupts primary afferent input to the NV Caud via the trigeminal tract and also interrupts intranuclear connections between the NV Caud and the more rostrally located subnuclei (that is, the NI, NO, and NPR). When animals had recovered from the surgery (usually in about 1 week), reassessment of lever-press behavior was carried out utilizing both dental and cutaneous stimuli which were applied ipsilateral and contralateral to the side of the tractotomy lesion. In addition, assessment was made of responses to cutaneous and intraoral pin-scratch and noxious skin pinches applied with a serrated forceps ipsilateral and contralateral to the side of tractotomy. Behavioral assessments were continued for 2 to 3 months following tractotomy before a terminal physiological recording session was carried out. Each animal participated in 15 to 20 test sessions before and after the tractotomy. Animals experienced no apparent pain following tractotomy. Eating, grooming, and social behavior were maintained normally.
Physiological Studies
Animals were initially anesthetized with intramuscular ketamine (25 to 50 mg) for placement of cannulas in the femoral artery and vein and for performance of tracheostomy. Anesthesia was thereafter maintained with intravenous pentobarbital administered irregularly in doses of 25 mg/kg to maintain the animal at a light anesthetic level. Careful evaluation of blood pressure, heart rate, pupillary size, and the electroencephalogram was made regularly to evaluate the depth of anesthesia and to assure that the animals did not experience pain. The animals were immobilized with gallamine triethiodide and artificially ventilated. Body temperature, arterial blood pressure, and arterial pCO2 were monitored and maintained within physiological range.
The animals were placed in a stereotaxic head-holder and a suboccipital craniectomy was carried bilaterally to the level of the transverse venous sinus. The dura was opened and most of the caudal cerebellum was removed by aspiration and electrocoagulation. Exposed tissue was covered with warmed saline which was changed regularly. Extracellular unit activity was recorded via tungsten microelectrodes (tip diameter 1 tzm), and signals were processed utilizing an amplifier and oscilloscope. Criteria for distinguishing cell body from axonal electrical activity were those of Kerr, et aL,~S and Azerad and Woda. ~ Unitary action potentials and stimulus parameters were recorded on magnetic tape for later analysis. The recording electrode was positioned at the obex and then repositioned by reference to a stereotaxic atlas of the Macaque brain 34 to conform to the location of the NPR, NO, or NI. The electrode was advanced by a remotely driven micromanipulator. A variety of searching stimuli were employed to locate trigeminal neurons. These included electrical stimulation of tooth pulp and a variety of natural stimuli including brushing and stroking the clipped facial hair and skin with soft brushes and plastic probes, as well as gentle and also presumably noxious pinching of the skin with serrated forceps. For more quantitative innocuous skin stimulation, graded mechanical stimuli were delivered to the cell's receptive field by means of soft plastic probes (tip diameter 5 mm) with hemispheric tips, driven by a Ling Model 108 vibration generator, as previously describedfl 4,39 A rampwave applied to the generator produced tip movements of 50 to 1400 ~m. Ramp duration varied from 20 msec to 2 seconds.
When a unit was identified, its receptive field was mapped with natural or mechanical stimuli. Electrical stimulation of the receptive field was then carried out using stimulus parameters similar to those used in behavioral test sessions. Responsiveness of the unit to electrical dental pulp stimulation was also tested and if the unit was responsive, a range of stimulus intensities similar to those used in behavioral test sessions was employed. Latency to electrical stimulation of skin and dental pulp was also determined. Subsequently, the unit was activated by the mechanical probes driven by the vibration generator.
Alternate electrode insertions were made on the sides ipsilateral and contralateral to the previous tractotomy and included recording from the NPR, NO, and NI. Small electrolytic lesions were made at recording loci by passing direct current at 5 to 10 uA for 15 to 20 seconds. At the conclusion of the experiments, the animals were killed by an overdose of pentobarbital and transcardiac perfusion was carried out with saline and buffered formalin. The brain stem was removed, fixed for several weeks in formalin, and serially sectioned at 30-um thickness. Sections were stained with cresyl violet and microscopic examination was carried out to determine recording loci. Other sections were counterstained with carbol fuchsin to assess the completeness of tractotomies.
Data analysis carried out after the experiment included construction of post-stimulus time histograms, after separating units that fired action potentials of different amplitudes with a window discriminator. Unit analysis included the measurement of latency and the number of action potentials generated at threshold and at maximum stimulus intensities. Comparisons were then made of these characteristics for units ipsilateral and contralateral to the previously performed tractotomy,
Results
A large number of units were encountered during electrode penetrations but because of the extensive nature of the test paradigms it was difficult to maintain contact with a unit to complete all phases of testing. Data are presented for 88 units which were fully studied, 41 from the side of the brain stem contralateral to the tractotomy (NT) and 47 from the side ipsilateral to the tractotomy (T). These units were recorded in a total of 47 penetrations, 23 ipsilateral and 24 contralateral to the side of tractotomy. All units described responded only to ipsilateral orofacial stimulation. Table 1 describes the functional characteristics of the units stud- ied. Units were divided into three categories. Type I (36 units) responded exclusively to innocuous mechanical orofacial stimulation and to low-intensity electrical stimulation within their receptive fields. Type II (46 units) responded to innocuous mechanical orofacial stimulation, to electrical orofacial stimulation, and to electrical stimulation of dental pulp. Type III (six units) responded only to electrical stimulation of dental pulp. Thirteen of the units were recorded in the NI, 38 in the NO, and 37 in the NPR (Table 1 ). There was no signficant difference in minimum latency for NT versus T units (Table 2 ). Minimum latency in Type I and II units was determined by cutaneous electrical stimulation within the receptive field. Latency for Type III units was determined by electrical stimulation of the tooth pulp.
Receptive fields for Type I units were small and usually confined to one trigeminal division. Activation of the units by plastic probes revealed thresholds of about 50 to 100 #m of skin displacement. At 300-~zm skin displacement most units developed a stable number of action potentials. As duration of skin displacement was increased from 20 msec to 2 seconds, units divided into slowly adapting (which fired throughout the stimulus) or rapidly adapting (which fired either at stimulus onset and termination or at termination only). No statistical difference was observed in the mean number of spikes fired by Type I T units (7.9 + 3.9) as compared to Type I NT units (8.0 _ 3.0) when activated by a stimulus three to five times the threshold level with a duration of 250 msec (Table 3) . Post-stimulus time histograms were also similar for Type I units ipsilateral and contralateral to the tractotomy. Nineteen Type I units were located in the NPR and 17 of the 19 had exclusively cutaneous receptive fields. On the other hand, all of the 17 Type I units located in the NO or NI had intraoral or perioral receptive fields, including 12 which were also responsive to mechanical tapping of a tooth.
Receptive fields for Type II units were small and usually confined to intraoral or perioral regions. The mean minimum latency was not statistically different for NT units (4.14 msec, range 2.5 to 10.0 msec) as compared to T units (4.5 msec, range 2.5 to 10.5 msec) ( Table 2 ). When these Type II neurons were activated by a single electrical stimulus (pulse width 1 msec) to the tooth pulp, the units fired in one of three characteristic ways: single brief bursts of action potentials lasting l0 to 20 msec (Fig. 1A and B) , prolonged trains of action potentials lasting up to 80 to 100 msec ( Fig.  1C and D) , or multiple-component responses lasting as long as 100 to 150 msec ( Fig. 1E and F) .
Of the 20 units firing brief bursts (designated "Type IIa") in response to electrical stimulation of the tooth pulp, threshold levels for unit activation (0.1 to 0.25 mA) were always far below the behavioral threshold for producing lever-press responses (0.75 to 1.0 mA). As stimulus strength increased, there was little if any increase in number of spikes fired. Such units typically fired one to three spikes at threshold and rarely increased to more than five or six spikes at maximum stimulus strengths (3.3 mA). Fourteen (70%) of these units were located in the NPR, four (20%) in the NO, and two (10%) in the NI.
For the 26 Type II units firing prolonged or multiplecomponent discharges in response to tooth pulp stimulation (designated "Type Ilb"), thresholds were higher (0.5 to 0.7 mA), close to the threshold for behavioral lever-press responses. At threshold, these units fired only a few spikes but as stimulus strength was increased to between threshold and twice threshold levels, there was a rapid increase in both the number of spikes fired (to between 12 and 30 spikes) and total firing duration (to between 150 and 200 msec). Additionally, the majority of these units (20 or 77%) were located in the NO, whereas four (15%) were in the NPR, and two (8%) were in the NI. All three patterns of unit discharge were seen in approximately equal numbers of units on the sides ipsilateral and contralateral to the tractotomy (Fig. 1) .
When Type IIb units were fired by graded mechanical stimuli, one or two spikes were seen at threshold skin displacements (50 to 100 um). At displacements of 200 to 300 urn, the number of spikes fired by these units increased. At higher displacements (three to five times threshold) most units exhibited either prolonged discharges or multiple component discharges. When Type II units were fired by cutaneous electrical stimuli, thresholds were 0.05 to 0.28 mA ( Fig. 2A and C) and maximum firing was achieved at stimulus strengths three to five times threshold, at 0.4 to 0.7 mA (Fig. 2B  and D) . The latter stimulus strengths were in general below the thresholds (0.75 to 1 mA) that elicited leverpress responses in the behavioral experiments. Similar patterns were recorded in approximately equal numbers of units ipsilateral ( Fig. 2A and B) and contralateral ( Fig. 2C and D) to the side of tractotomy.
In spite of the fact that these Type II neurons could be fired by electrical stimulation of the tooth pulp as well as innocuous mechanical facial stimuli, their firing rates were not increased markedly by presumably noxious pinching of skin within their receptive fields with serrated forceps. They could be fired, however, by electrical stimuli applied within the receptive field as defined by innocuous skin contact. The firing patterns in response to single cutaneous electrical stimulus (duration 1 msec) were remarkably similar to the firing patterns seen with innocuous mechanical stimuli (that is, a few spikes at threshold levels, typically 0.1 to 2.5 mA, with an increase in the number of spikes at suprathreshold stimulus strengths). Spike output increased as expected with an increase in stimulus duration or with repetitive stimuli, The thresholds for firing of these Type II units when activated by cutaneous electrical stimuli at 0. I to 0.25 mA were well below the thresholds for initiating lever-press escape responses (0.75 to 1 mA) in these same animals in the behavioral studies. In addition, although the units did increase their firing with increasing stimulus intensity, they reached maximum output at intensities of 0.3 to 0.9 mA (three to five times threshold) which were in general still below the stimulus intensities that had elicited lever-press responses in the control behavioral studies (Fig. 2) . In addition, the response patterns described above for Type II neurons, whether fired by mechanical or cutaneous electrical stimuli, were observed both ipsilateral ( Fig. 2A and B) and contralateral ( Fig. 2C  and D) to the tractotomy. No differences were observed in thresholds for electrical stimulation or in numbers of spikes fired for a maximally effective electrical stimulus in Type IINT units as compared to Type IIT units (Table 3 ). This was found even though the mean threshold for lever-press behavior elicited by cutaneous electrical stimulation was 0.88 mA on the side contralateral to tractotomy and 1.68 mA on the side ipsilateral to tractotomy (difference statistically signficant p < 0.01, Student's t-test). 4t
Only six Type III units were identified. These units fired only in response to tooth pulp stimulation at or above the threshold for eliciting lever-press responses to electrical tooth pulp stimulation (0.75 to 1,0 mA). Four units were ipsilateral and two contralateral to the side of tractotomy and all the units were located in the NO. No difference was noted in the spike output of Type III units ipsilateral as compared to contralateral to tractotomy. No units were identified that were responsive exclusively to noxious mechanical facial stimulation.
Histology
All units were located histologically within the subnuclei NPR, NO, or NI. Type ! units were diffusely scattered from the caudal limits of the NI to the rostral limits of the NPR. Type II and III units were also scattered throughout the rostral nuclei but the largest concentration (70%) was in the NO (Table 1) .
In each animal the tractotomy interrupted the descending trigeminal tract completely. In addition, the subjacent spinal trigeminal nucleus was also destroyed. The lesions in fact extended dorsally into the nucleus cuneatus, ventrally into the spinothalamic tract, and medially into the reticular formation. Histological confirmation of the extent of tractotomy in these same animals has been published previously? ~
Discussion
The utilization of electrical stimulation techniques in behavioral and physiological studies of nociception in animals requires comment. It is clear that electrical stimulation of the dental pulp in man is not a pure source of noxious inputfl 6 At threshold, human volunteers report non-painful tapping or pre-pain sensations. 21 Nevertheless, it is clear that the predominant effect of stimulation of the dental pulp is the production of the sensation of pain and that at suprathreshold levels of stimulation only the sensation of pain is elicited. 26 Human studies of thresholds for sensation elicited by electrical stimulation of normal teeth 7 and animal studies of the electrical activation of nerve fibers innervating the dental pulp 5 both suggest that the thresholds for lever-press behavior that we obtained in our behavioral studies were obtained at levels suprathreshold for the activation of A-delta and C fibers and for the production of the sensation of pain. In addition, although electrical stimulation of the teeth has been criticized as an unnatural form of stimulation, volunteers often cannot distinguish the difference between the sensations elicited by thermal or electrical stimuli applied to the teeth/ Cutaneous electrical stimulation has also been employed in studies of pain in man) These studies suggest that the threshold for eliciting a motor response terminating stimulation is significantly lower than the pain threshold. The amplitude of reaction, however, showed a loose correlation to the intensity of stimulation. In our control studies, the electrical currents that elicited escape behavior for cutaneous stimulation and for dental stimulation were very similar 41 and the lever-press responses made by the animals in response to both cutaneous and dental pulp electrical stimulation were very forceful. Since the threshold currents eliciting lever-press behavior were very similar for both cutaneous and dental pulp stimulation, we believe that in both cases the animals responded to the sensation of pain.
Previously published behavioral observations in these same animals 4~ demonstrated that trigeminal tractotomy at the level of the obex produced the following behavioral effects: 1) ipsilateral cutaneous facial analgesia to pin-scratch with sparing of perioral and intraoral regions; 2) statistically significant elevation of the threshold for lever-press escape behavior to ipsilateral electrical stimulation of facial skin within zones analgesic to pin-scratch; 3) no alteration in the leverpress escape behavior to electrical stimulation of dental pulp. In another report, 38 two patients who had undergone trigeminal tractotomy at the obex, as well as rhizotomy of the ninth and 10th cranial nerves and C 1-3 dorsal spinal roots, showed ipsilateral cutaneous analgesia to pin-scratch with sparing of intraoral and perioral zones as well as normal dental sensation to electrical and thermal stimuli. 3s
The physiological experiments reported here were undertaken to correlate behavioral findings and neuronal activity in rostral trigeminal nuclei in an attempt to determine the possible contribution of intranuclear connections between the NV Caud and the NI, NO, or NPR to orofacial pain sensation. The extent to which the anesthetic agents we used for the physiological experiments may have altered the firing characteristics of the units that we studied is unknown. This factor limits somewhat our ability to correlate behavioral and physiological findings.
We believe that the two samples of units obtained from the sides of the brain stem ipsilateral and contralateral to tractotomy were sampled from similar populations because we made alternate electrode insertions ipsilateral and contralateral to tractotomy and obtained an approximately equal number of units in each functional category on the two sides. In addition, no statistically significant differences were noted in latency, firing patterns, or response densities in the units sampied from either side.
Since we utilized a chronic technique, it was impossible to compare the firing patterns of an individual unit before and after tractotomy as had been done in previous acute experiments. 11' 19' 28' 29' 3~ We chose the contralateral side as the only available control. Our purpose was to correlate changes in behavior with changes in neuronal firing characteristics. Since we saw no change in behavioral responses ipsilateral to the tractotomies in our previous behavioral experiments (which employed the same stimuli as in the physiological studies) we considered that neurons located contralateral to the tractotomy could serve as an acceptable control.
There was no demonstrable effect of chronic trigeminal tractotomy on the firing patterns of the Type I or II neurons studied in the NI, NO, or NPR when the units were activated by innocuous mechanical stimulation. The responses obtained from mechanoreceptive neurons ipsilateral and contralateral to the tractotomy were essentially identical. Since tractotomy produced little alteration in tactile sensation, it is not surprising that the firing of such neurons was unaffected by tractotomy.
In light of our present knowledge about the lack of effect of tractotomy on dental pain sensation, it is also not surprising that the firing of Type II and III neurons elicited by tooth pulp stimulation was not altered by tractotomy. The persistence of dental pain sensation after tractotomy suggests that both the Type IIa neurons (firing prolonged or multiple-component discharges and with thresholds near the stimulus intensity that evokes escape behavior) and the Type Ill neurons could signal dental pain. The vast majority of these units were located in the NO. Except for the four Type II neurons that fired in response to high stimulus strengths applied to dental pulp, the units we identified in the NPR possessed firing characteristics similar to those previously reported by Kirkpatrick and Kruger 2~ and seemed to be concerned primarily with the spatiotemporal characteristics of orofacial stimuli, whether of cutaneous, mucosal, or dental origin, rather than with pain sensation.
Type II units do not appear suited to signal cutaneous pain sensation. None of these units was responsive to noxious natural cutaneous stimuli. Their thresholds were well below the stimulus strength required to elicit escape behavior when facial skin was electrically stimulated, and they achieved maximal firing rates also well below the threshold for behavioral escape responses. Furthermore, although tractotomy elevated the mean stimulus strength necessary to elicit escape behavior by ipsilateral cutaneous electrical stimulation from 0.88 to 1.68 mA, 41 it had no effect on the firing characteristics of Type II units. These data are consistent with the long-held concept that cutaneous facial nociception is processed via pathways through the NV Caud. 33 Our data do not support the concept that intratrigeminal relays between NV Caud and the rostral nuclei play an important role in cutaneous facial nociception, nor do they support the idea that cutaneous facial analgesia resulting from tractotomy is due to interruption of intratrigeminal pathways.
Recently, Azerad, et al., 2 investigated the neuronal population of both the rostral and caudal trigeminal nuclei in cats anesthetized with a single injection of ketamine. Their results regarding units activated by dental pulp stimulation are remarkably similar to ours. They identified 78 units responsive to tooth pulp stim-ulation: five in the NPR, 55 in the NO, six in the NI, and 12 in the NV Caud. They divided the neuronal firing patterns into three groups similar to but not exactly the same as our division. Their first group, found primarily in the NPR, had low thresholds and short latencies and followed high stimulation frequencies, but increased their firing frequencies little with increasing stimulus intensity. These units are similar to our Type IIa units. Their second group of units was located in the NV Caud, a region that we did not investigate in this study. Their third group, located mainly in the NO, exhibited increases in firing frequencies with increasing stimulus intensities, similar to our Type IIb units. Units in their first group were thought to relate mainly to stimulus localization, whereas those in the third group were thought to be capable of signaling the noxious quality of tooth pulp stimulation.
Interestingly, Azerad, et al., 2 also noted a large number of units in the NO responsive to noxious mechanical stimulation of oral and perioral zones. Eisenman, et aL, z~ and Sessle and Greenwood :8 had previously reported finding neurons capable of transmitting cutaneous nociceptive information in trigeminal nuclei rostrat to the obex. We were unable to identify any such units in our study, but differences in anesthetic techniques could account for this inconsistency. A single dose of ketamine as utilized by Azerad, et al., would provide only the lightest anesthetic level, whereas the repeated doses of barbiturates used by us would presumably produce a deeper anesthetic level and may have precluded our identification of units responsive to noxious mechanical stimuli.
Hayashi, et al., 12 studied neuronal response properties in the NI of cats anesthetized with chloralose. They identified low threshold mechanoreceptors, a wide dynamic range, and nociceptive specific units which could be activated by natural orofacial stimuli, cutaneous electrical stimuli, and dental pulp stimulation. They also showed that some of the wide dynamic range and nociceptive specific neurons responsive to noxious stimuli projected to the thalamus. They concluded that their evidence strengthened the hypothesis that components of the trigeminal brain-stem nuclear complex rostral to the obex might participate in orofacial nociceptive mechanisms.
Rosenfeld, et al., ~5 and Broton and Rosenfeld 4 provided evidence that relays via rostral trigeminal nuclei were important for the appreciation of thermal nociception in the awake rat. Rostral trigeminal nuclear lesions elevated the latency for a paw-rub response to presumably painful cutaneous heating of the face, and this latency elevation was most noticeable in perioral regions. Since we did not utilize thermal stimuli in our studies, we cannot correlate them with the investigations of Rosenfeld, et al., and Broton and Rosenfeld, but the latter group's findings are further evidence that oral and perioral nociceptive relays may pass rostral to the NV Caud.
Yokota and Koyama 3v provided physiological evi-dence that reticular formation neurons adjacent to the NO and NI project caudally to the subnucleus reticularis ventralis (SRV) neurons located medial to the NV Caud. Following tractotomy they reported being unable to find units responsive to noxious and innocuous facial stimuli within the NV Caud and the ventromedially located subnucleus reticularis dorsalis. Within the SRV, however, they found six units responsive to corneal stimulation. Three units were also responsive to noxious mechanical stimulation of the ipsilateral pinna and another was activated by electrical tooth pulp stimulation. They considered that the indirect pathway they described running to the NV Caud via the NO and NI could account for residual dental pain sensation noted after tractotomy. An important distinction exists, however, between the tractotomy performed by Yokota and Koyama and our tractotomies. All of our tractotomies, including those in our previously reported cat and primate studies, involved not only the descending trigeminal tract at the obex level but also all of the subjacent spinal trigeminal nucleus and extended well into the adjacent dorsal and ventral reticular formations. The tractotomies reported by Yokota and Koyama included only the trigeminal tract and thus, not surprisingly, failed to interrupt intratrigeminal connections either within the nucleus or in the subjacent reticular formation. Our lesions, however, would be expected to interrupt all intratrigeminal connections. We do not believe that the pathway described by Yokota and Koyama accounts for our behavioral results. Hockfield and Gobel,13 using anatomical methods, also noted a rostral to caudal intratrigeminal projection and speculated about a possible modulatory role of rostral trigeminal neurons on neurons in the NV Caud. Our tractotomies would have also interrupted such projections and, therefore, we do not believe that rostral to caudal intratrigeminal projections are important in dental nociception although our studies do not rule out a role for such a rostral to caudal pathway in cutaneous facial nociception. One difference is noted between the present study and the earlier similar study in cats conducted by Nord and Young. 24 In the earlier study, a smaller proportion of units on the side ipsilateral to the tractotomy responded to tooth pulp stimuli with prolonged impulse barrages as compared to units contralateral to tractotomy. We found no such difference in the current study. Thus, if the NV Caud has a tonic facilitatory influence on the rostral nuclei, as is proposed in cats, we could not demonstrate a similar effect in primate.
A variety of experiments have described reductions in neuronal firing and increases in preterminal excitability in the rostral nuclei after either acute tractotomy or a cold lesion blocking the NV Caud. 14'28"29 '31'39 Interestingly, these effects appear to be manifested on rostral neurons relaying information related to both innocuous and noxious stimuli, and in fact in some cases the tractotomy effect is greater on the former.14 The present experimental design did not allow us to make observations of neuronal firing or preterminal excitability immediately after tractotomy. It appears, however, from the former cat study 24 and the present primate study, that such acute effects do not persist for very long and may well be similar to the phenomenon of spinal or cerebral shock in which neurons distant from an acute neural injury are transiently inexcitable. 17, 32 Nord and Ross 22 '23 proposed that neurons in the NPR and NO, which respond to tooth pulp stimulation, were involved in the pre-pain sensation reported by humans during threshold levels of tooth pulp stimulation or in spatial localization. They proposed that neurons in the NV Caud responsive to tooth pulp stimulation signaled noxious levels of stimulation. The behavioral correlations conducted on the animals used in the present physiological studies do not support such a hypothesis. The cat, 36 monkey, 41 and human 38 behavioral studies of dental pain sensation after trigeminal tractotomy support the idea that trigeminal nuclear neurons rostral to the NV Caud are able to signal dental pain. The physiological data reported here and in the study of Azerad, et al.,2 support the idea that tooth pulp units in NPR may be involved primarily in stimulus localization from the teeth. Type IIb and III units, located mainly in the NO, have physiological characteristics that would allow them to signal dental pain. Their firing characteristics are unaffected by trigeminal tractotomy and do not support any important influence of information conducted via intratrigeminal nuclear connections on modality coding in rostral trigeminal nuclear neurons. We have also reported that the combination of trigeminal tractotomy with rhizotomy of the seventh, ninth, and 10th cranial nerves, as well as the C1-4 dorsal spinal roots or indeed total radiofrequency destruction of the trigeminal tract and NV Caud from the obex caudally to C3, do not alter behavioral responses to electrical stimulation of dental pulp. 42 These latter studies demonstrate that persistent tooth pulp pain sensation after tractotomy is not a result of dental pain sensation which is conducted into the NV Caud via cranial nerves other than the trigeminal or over upper cervical dorsal or ventral roots. Such alternative pathways do appear important in cutaneous facial nociception but not in dental pain sensation. 8'4l '42 
